Accumulating evidence indicates that immune impairment in persistent viral infections could lead to T-cell exhaustion. To evaluate the potential contribution of induction of negative costimulatory molecules to impaired T-cell responses, we primed naïve T cells with mature monocyte-derived dendritic cells (MDDCs) pulsed with HIV-1 in vitro. We used quantitative real-time polymerase chain reaction and flow cytometry, respectively, to compare the gene and surface-protein expression profiles of naïve T cells primed with HIV-pulsed or mock-pulsed DCs. We detected elevated expressions of negative costimulatory molecules, including lymphocyte activation gene-3 (LAG-3), CD160, cytolytic T-lymphocyte antigen-4 (CTLA-4), T-cell immunoglobulin mucincontaining domain-3 (TIM-3), programmed death-1 (PD-1) and TRAIL (tumor necrosis-factor-related apoptosis-inducing ligand) in T cells primed by HIV-pulsed DCs. The PD-1 + T-cell population also coexpressed TIM-3, LAG-3, and CTLA-4. Interestingly, we also found an increase in gene expression of the transcriptional repressors Blimp-1 (B-lymphocyte-induced maturation protein-1) and Foxp3 (forkhead transcription factor) in T-cells primed by HIV-pulsed DCs; Blimp-1 expression was directly proportional to the expression of the negative costimulatory molecules. Furthermore, levels of the effector cytokines interleukin-2, tumor necrosis factor-α and interferon-γ, and perforin and granzyme B were decreased in T-cell populations primed by HIV-pulsed DCs. In conclusion, in vitro priming of naïve T-cells with HIV-pulsed DC leads to expansion of T cells with coexpression of a broad array of negative costimulatory molecules and Blimp-1, with potential deleterious consequences for T-cell responses.
INTRODUCTION
Persistent viral infections (PVIs) are characterized by impaired T-cell responses and futile viral control attributes (1, 2) . Functional impairment of T cells is the key feature of HIV-1 and certain other viral infections (3) (4) (5) . A myriad of genes have been found to be upregulated or downregulated in exhausted CD8 + T cells in PVIs, suggesting a role for negative costimulatory molecules (6) . It is now clear that impaired immune effector and proliferative functions seen in T cells due to HIV infection are multifactorial (7) and that upregulation of negative costimulatory molecules on HIV-specific T cells can contribute to rapid disease progression and systemic immune dysfunction (8) . It has been shown that HIV results in suppressor T-cell expansion in vivo (9) . We recently showed that HIV impairs the priming of naïve T cells in vitro and gives rise to contact-dependent suppressor T cells (10) .
Dendritic cells (DCs), the professional antigen-presenting cells (APCs), are required for the priming of antigen-specific naïve T cells. Immature DCs (IDCs) sense pathogens by means of pattern-recognition receptors (PRRs). IDCs also express enhanced maturation markers, for example CD83, major histocompatibility complex (MHC) class I and II and costimulatory (CD40, CD80 and CD86) molecules, and migrate to peripheral lymph nodes to present pathogen-derived peptides to T cells (11) . The nature of the immune response depends on competitive bidirectional binding of ligands/receptors to molecules expressed on DCs and specific T cells. The immune outcome is determined by the binding amplitude of the T-cell receptor (TCR) to MHC-peptide complexes formed from a given episode of antigen presentation, and subsequent binding of positive (CD28) or negative costimulatory molecules to their corresponding receptors/ligands (12) . As well
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Esaki Muthu Shankar, 1 as providing critical positive signals, the costimulatory pathways could also generate key negative signals that downregulate the ensuing T-cell responses. The CD80/CD86-CD28/cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4; CD152) represents a dual pathway, specific for both receptors expressed on T cells. Intriguingly, CTLA-4 binds B7 ligands with higher affinity than CD28 and hence, minimal CTLA-4 binding is adequate to generate efficient negative responses (13) . Moreover, activation of naïve T cells requires greater CD28 signaling than is required for memory T cells (14) . A plethora of other stimulatory molecules have also been described: lymphocyte activation gene-3 (LAG-3; CD223), an MHC II ligand belonging to the immunoglobulin super-family; T-cell immunoglobulin mucin-containing domain-3 (TIM-3) with natural ligands galectin-9 and phosphatidylserine (15) ; tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL); programmed death-1 (PD-1; CD279), which interacts with PD-1L (CD274) and PD-2L (CD273); CD160 (BY55) (16, 17) ; and more recently, B-and T-lymphocyte attenuator (BTLA; CD272), which binds to the herpes virus entry mediator (HVEM) on APCs and regulatory T cells (Tregs) (16, 18) . Functionally, CTLA-4 (13), PD-1 (19) and , along with BTLA (21) and CD160, negatively regulate the cell cycle. Furthermore, impaired CD28 expression (22) and upregulation of expression of negative costimulatory molecules (23) directly correlated with rapid HIV disease progression. Recent microarray experiments conducted on day-2 cocultivated naïve T cells and DCs in vitro showed that HIV increased the coexpression of TIM-3, TRAIL, galectin-9, and LAG-3 (M Larsson, 2010, unpublished data) in T cells. Likewise, other investigators showed that HIV-specific T cells display surface inhibitory molecules, for example, PD-1 and CTLA-4 (4), TIM-3 (24) and LAG-3 (25) . Whereas a few of the mechanisms regulating effector T-cell activation are understood, the molecular factors underlying the fate of naïve T cells when primed with HIV-pulsed DCs remain an area of intense interest. Herein, we report results that show that naïve T cells primed with monocyte-derived DCs (MDDCs) pulsed with HIV in vitro had relatively higher expression of certain negative costimulatory molecules compared with naïve T cells primed with mock DCs, possibly leading to decreased immune activation.
MATERIALS AND METHODS
Culture Medium, Cytokines and Reagents RPMI1640 was supplemented with 10 mmol/L HEPES, 20 μg/mL gentamicin (Fisher Scientific, Leicestershire, UK), 2 mmol/L L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), and 1% plasma or 5% heat-inactivated pooled human serum (5% PHS). Recombinant human granulocyte-macrophage-colony-stimulating factor (rhGM-CSF) (100 IU/mL) (Immunex, Seattle, WA, USA) and recombinant human interleukin-4 (rhIL-4) (300 U/mL) (R & D Systems, Abingdon, UK) were used for the in vitro differentiation of MDDCs, as described previously (10, 26) .
Generation of MDDCs
Buffy coats were obtained from healthy individuals (Transfusion Laboratory, Huddinge Hospital, Karolinska Institutet, Stockholm, Sweden) and peripheral blood mononuclear cells (PBMCs) were prepared from buffy coats by density-gradient centrifugation over Ficoll-Paque TM (Amersham Pharmacia, Piscataway, NJ, USA). CD14 + cells were selected by plastic adherence by incubation of PBMCs in tissue culture dishes (BD Falcon, Franklin Lakes, NJ, USA) for 1 h at 37ºC in a 5% CO 2 incubator. The plates were washed thrice with RPMI1640 to remove nonadherent T cells. The adhering cells were cultured in 1% plasma and supplemented with rhGM-CSF and rhIL-4, and incubated in a 5% CO 2 environment at 37°C. Cytokines (indicated above) were replenished every second day to facilitate differentiation of progenitor cells into DCs, and IDCs were harvested on day 6.
DC Maturation and Immunophenotyping
The purity and readiness of IDCs was assessed by flow cytometry (FACSCalibur, BD Immunocytometry Systems, San Jose, CA, USA). The DCs were immunophenotyped by using phycoerythrin (PE)-conjugated monoclonal antibodies (mAbs) against CD83, CD86, CD80, CD14 and HLA-DR and against the isotype controls IgG 1 and IgG 2a (BD Pharmingen, Franklin Lakes, NJ, USA). Data were analyzed by using FlowJo software (TreeStar, Ashland, OR, USA). The differentiated IDCs were transferred to new plates, and maturation was induced by adding 30 ng/mL polyinosinic acid:polycytidylic acid (Poly I:C) (Sigma-Aldrich) and incubated at 37ºC in a 5% CO 2 incubator for 24 h.
Virus Preparation
HIV-1 BaL/SUPT1-CCR5 CL.30 (lot P4143) was produced by using chronically infected cultures of the ACVP/BCP cell line (No. 204), originally derived by infecting SUPT1-CCR5 CL.30 cells (graciously provided by J Hoxie, the University of Pennsylvania, Philadelphia, PA, USA) with an infectious stock of HIV-1 BaL (NIH AIDS Research and Reference Reagent Program, Cat. No. 416, Lot 59155). The virus was purified by continuous flow centrifugation using a Beckman CF32Ti rotor at ~90,000g at a flow rate of 6 L/h, followed by banding for 30 min after sample loading. Sucrose density-gradient fractions were collected, virus-containing fractions were pooled and diluted to less than 20% sucrose, and the virus was pelleted at ~100,000g for 1 h. The virus pellet was resuspended to a concentration 1000-fold higher relative to initial cell culture filtrate.
HIV Pulsing of DCs
After incubation, HIV-1 BaL (lot number P4143) 175-750 ng/mL p24 equivalents/mL, corresponding tõ 0.5-2 multiplicities of infection, doses which reportedly exist in vivo (27, 28) , was added to 1 × 10 5 DCs in a flat-bottomed 24-well plate (BD Falcon) and incubated for 24 h at 37ºC in a 5% CO 2 incubator. Be-fore the DCs were used in the assays the unbound viruses were washed off twice with RPMI1640. HIV-unexposed mock MDDCs served as controls, and DC viability was examined by use of Annexin V and 0.4% trypan blue exclusion methods.
Allogeneic T-Cell Activation by DCs (Mixed Leukocyte Reaction)
Proliferation assays were performed in 96-well flat-bottom cell-culture plates in 5% pooled human serum (PHS). Naïve T cells were isolated from nonadherent T cells by a negative selection process using magnetic beads. The cells were coupled with anti-CD56, anti-CD19, anti-CD45RO and anti-CD14 magnetic tagged antibodies (Miltenyi Biotec, Auburn, CA, USA) to deplete natural killer (NK) cells, B cells, memory T cells and monocytes, respectively. A part of the naïve T-cell preparation was labeled with carboxyfluorescein succinimidyl ester (CFSE) (10) to measure proliferation by flow cytometry, and cocultured with mock or HIV-pulsed DCs at a 1:10 ratio and incubated at 37ºC in a 5% CO 2 incubator. A portion of the DCs was stored for restimulating the priming culture on day 7 with the addition of respective HIV-pulsed DCs, and incubated for 24 h at 37ºC in a 5% CO 2 incubator. On day 8, the cocultures were harvested and the T-cell proliferation and immunophenotype were measured by flow cytometry or used for quantitative reverse-transcription-polymerase chain reaction (qRT-PCR).
Flow Cytometry
On day 8, the primed T cells were collected and investigated for surface expression of negative costimulatory receptors. Direct conjugated mAbs directed against CD3-fluorescein isothiocyanate (FITC), LAG-3-phycoerythrin (PE), TIM-3-APC, CD160-APC, BTLA-PE, HVEM-PE (R & D Systems), PD-1-FITC, TRAIL-PE and CTLA-4-PE (BD Pharmingen) were used for immuno phenotyping T cells after the mixed lymphocyte reaction (MLR) experiments. Perforin and granzyme B levels were measured by intracellular staining. Briefly, after staining with antihuman CD3, the lymphocytes were fixed with 4% paraformaldehyde (4%), then washed and permeabilized with 0.2% saponin. The cells were subsequently stained using FITC-labeled antihuman granzyme B (BD Pharmingen), and PE-labeled anti-human perforin (BD Pharmingen) Abs and analyzed by flow cytometry. Foxp3 was measured using anti-Foxp3-FITC (eBioscience, San Diego, CA, USA) by intracellular staining. T cells were double stained with PD-1 FITC, and TIM-3-APC, LAG-3-PE, CTLA-4-APC or CD160-APC mAbs. Data were acquired on a 4-color FACSCalibur (BD Immunocytometry Systems, San Jose, CA, USA) using CellQuest software and analyzed using FlowJo software (TreeStar).
Effector Cytokine Analysis
Supernatants collected from day 8 of the priming assays were analyzed for effector cytokines, interleukin 2 (IL-2), tumor necrosis factor-α (TNF-α) and interferon γ (IFN-γ) using a commercial Bio-Plex™ Cytokine Luminex assay (BioRad, Hercules, CA, USA).
mRNA Isolation, cDNA Synthesis and qRT-PCR
Cryopreserved cell lysates prepared from day 8 T cells were used for RNA extraction, cDNA synthesis and qRT-PCR analysis. Briefly, mRNA was isolated using a commercial Spin technology (Qiagen AB, Solna, Sweden) according to the manufacturer's protocol. First-strand cDNA was made from 1 μg of mRNA in a 20-μL reaction volume. We used 20 μL of reaction mix containing 1 μL of oligo dT
Strand buffer and 1 μg of mRNA in 11 μL of nuclease-free water (all reagents obtained from Invitrogen, Carlsbad, CA, USA). The primers were designed using the NCBI Primer-BLAST (Basic Local Alignment Search Tool) online software at http:// www.ncbi.nlm. nih.gov/tools/ primer-blast/ index.cgi? LINK_LOC= BlastHome. The list of primers tested against the corresponding genes is given in Table 1 . cDNA was quantified for the negative costimulatory molecules and 
Statistical Analysis
Statistical significance was analyzed using MS Excel and GraphPad Prism 4.0 software (GraphPad, La Jolla, CA, USA) using a paired t test for comparison be- tween the two groups. Because of the considerable degree of variability within the experiments, we obtained statistical values by normalizing/transforming the data whereby each data set was divided by the sum total of all values in the data set. Each value within a group is presented as a percentage. Differences were considered significant with P < 0.05, and the measure of significance was represented by *P < 0.05, **P < 0.005 and ***P < 0.001.
RESULTS

HIV-Pulsed Dendritic Cells Impair T-Cell Proliferation
Using an in vitro allogeneic primary cell culture system (10), we investigated 
Upregulation of CTLA-4, PD-1 and TRAIL in T Cells Primed by HIV-Pulsed DCs
Our earlier work demonstrated induction of PD-1, CTLA-4, and TRAIL on T cells primed with HIV-pulsed DCs and showed that these molecules contributed to T-cell suppression (10) . To evaluate transcriptional expression of these molecules, we used qRT-PCR to measure the profiles of CTLA-4, PD-1, and TRAIL on day-8 proliferated T cells. Others have shown that CTLA-4 and PD-1 were upregulated on HIV-specific T cells (4, 13, 19) and that HIV exposure could sensitize activated T cells toward TRAIL-mediated apoptosis (30) . We found that HIV-pulsed DCs, compared with mock-pulsed DCs, induced significantly higher CTLA-4 expression in T cells (P < 0.05) (Figure 2A) . Likewise, the expression of messages for PD-1 and TRAIL were significantly increased in T cells primed by HIV-pulsed DCs compared with those primed by mockpulsed DCs (P < 0.05 and P < 0.0001 respectively) (Figure 2A) .
We next investigated if changes in gene expression of CTLA-4, PD-1 and TRAIL were reflected in surface protein expression levels on the expanded T cells. The primed T cells were immunophenotyped, and mean fluorescence intensities for CTLA-4, PD-1 and TRAIL were measured 1 d after restimulation ( Figure 2B, C) . The elevated mRNA expression levels correlated with surface expression attributes (CTLA-4, P < 0.05; PD-1, P < 0.05; and TRAIL, P < 0.001) (Figure 2A-C) .
Elevated LAG-3, TIM-3 and CD160 and Decreased BTLA mRNA Expression in T Cells Primed by HIV-Pulsed DCs LAG-3, TIM-3 and CD160 have been implicated as negative costimulatory molecules (16, 17, 24, (31) (32) (33) . Accumulating evidence suggests that the TIM-3 facilitates T-cell tolerance (34) and T-cell dysfunction in persistent hepatitis C virus infection (35) , and can be associated with rapidly progressive HIV disease (24) . To delineate the relationship between HIV exposure and TIM-3 gene expression, we quantified TIM-3 in HIVpulsed and mock-pulsed DC-primed T cells by qRT-PCR. We found that the TIM-3 message (P < 0.001) was expressed at higher levels in T cells primed by HIV-pulsed DCs compared with mock-pulsed DCs ( Figure 3A ) and cell-surface TIM-3 protein expression was also increased (P < 0.005) ( Figure 3B ). Likewise, LAG-3 was also increased both at the gene (P < 0.005) and protein levels (P < 0.05) in T cells primed with HIV-pulsed DCs compared with the levels for those primed with mock-pulsed DCs. (Figure 3A, B) . Evidence suggests that CD160 and BTLA upregulation inhibits CD4 + T-cell activation (36) , and CD160 upregulation correlated directly with raised Blimp-1 in T cells (37) . Our studies showed a tendency towards increased CD160 gene expression in T cells primed with HIV-pulsed DCs compared with mock DCs ( Figure 3A) . The trend for increased gene expression (P = 0.07) was paralleled by significantly increased cell-surface CD160 expression (P < 0.05) on T cells primed by HIVpulsed DCs ( Figure 3B, C) . Interestingly, we found no increased expression of BTLA in T cells primed with HIV-pulsed DCs (P = 0.6), which correlated well with the lack of increased BTLA expression on the cell surface ( Figures 3A-C) . In addition, the expression of HVEM was not affected or was slightly decreased in some of the experiments, both at the gene (P = 0.9) and protein 
Expression of Negative Costimulatory Molecules Correlated with Blimp-1 Expression in T Cells Primed by HIV-pulsed DCs
Blimp-1 acts as a transcriptional repressor of T-cell proliferation, and the elevated expression of Blimp-1 directly correlated with the upregulation of a myriad of cell surface inhibitory molecules in a PVI model (38) . Moreover, coexpression of Foxp3 and Blimp-1 could be vital, because Foxp3 reportedly leads to activation of Blimp-1 in antigen-exposed T cells (39) . Hence, we set out to compare the quantitative expression levels of Blimp-1 and Foxp3 mRNA between T cells primed by HIV-pulsed DCs and mock-pulsed DCs. Blimp-1 (P < 0.001) and Foxp3 (P < 0.005) gene expressions were significantly upregulated in T cells primed by HIV-pulsed DCs compared with T cells primed by mock-pulsed DCs ( Figure 4A, B) . We also found a corresponding increase in the expression of Foxp3 protein (P < 0.005) (Figure 4C, D) . Intriguingly, an increase of Blimp-1 mRNA expression in T cells primed with HIV-pulsed DCs correlated with increased gene and protein expression for negative stimulatory molecules (LAG-3,
TIM-3 CD160, CTLA-4, PD-1 and TRAIL).
However, we found that the increase of Blimp-1 expression was not associated with an increase in the expression of BTLA.
In Vitro Priming by DCs Pulsed with HIV Leads to Expression of a Broad Array of Inhibitory Molecules
Modulation of gene transcript expression is indicative of ongoing changes at the molecular level that could result in alterations in receptor protein expression, leading to altered downstream signaling events. The overall summary demonstrates ( Figure 5A, B) that the expression of negative costimulatory molecules in T cells primed by DCs pulsed with HIV was significantly increased compared with those primed by mockpulsed DCs (P = 0.002). Next, we set out to study the level of effector attributes of the primed T cells, and the levels of IL-2, TNF-α and IFN-γ in the supernatants of MLRs were assessed by a Bio-Plex™ Cytokine Luminex assay. We observed that IL-2 (P = 0.002), TNF-α (P = 0.005) and IFN-γ (P = 0.003) levels were lowered in assays containing T cells primed by HIVpulsed DCs (Figure 6A, B) . Furthermore, we also examined the expression of perforin and granzyme B and observed that the cytolysin levels were relatively lesser in T cells primed by HIV-pulsed DCs than those primed by mock DCs (Figure 7) . This finding could be attributed to lesser T-cell activation and, thus, warrants elaborate investigation.
PD-1 + T-Cell Priming by HIV-Pulsed
DCs Coexpressed TIM-3, LAG-3 and CTLA-4 Inhibitory Molecules PD-1 is the most widely studied inhibitory molecule in HIV-1, simian immunodeficiency virus (SIV) and certain other persistent viral infections (40) (41) (42) . Hence, we investigated the coexpression of PD-1 with a few of the negative costimulatory molecules described herein by flow cytometry. PD-1 and coexpression of TIM-3, LAG-3 and CTLA-4 were detected, with much higher levels of double positive in the HIV primed assays; CD160 expression did not show any difference between the mock and HIV-primed conditions (Figure 8 ).
DISCUSSION
The expression of negative costimulatory molecules on T cells has been proposed as a contributing factor for suboptimal T-cell responses in HIV infection This study is in-line with recent studies in T cells of chronic SIV-infected rhesus macaques that showed CTLA-4 and Foxp3 coexpression (48, 51) . Recent reports showed that HIVenhanced LAG-3 expression in T cells (25, 52) . LAG-3 reportedly is capable of maximal T-cell suppression by itself (31, 32, 53, 54) via its cross-linking of MHC II with high affinity, which inhibits TCRinduced Ca 2+ fluxes leading to T-cell inhibition (55) . In addition, LAG-3 expression has been linked to functional exhaustion of CD8 + T cells in PVI models (37) . Other investigators showed that LAG-3 was expressed on cells that also expressed PD-1 and TIM-3 (56) . Recently it was shown that LAG-3 levels were elevated in subjects with HIV infection (52) and unrestrained viral replication (25) . Our current results are consistent with such a notion of virus exposure-linked increased expression of LAG-3 playing a negative role in HIV infection (25, 52) . Our finding of induction of elevated PD-1 gene and protein expression in T cells primed with HIV-pulsed DCs is particularly encouraging. PD-1 expression on HIV-specific CD8 + T cells (23) has been linked to increased viral load and reduced CD4 + T-cell levels (23, 57) . Results of recent studies suggested a role for the PD-1 pathway in specific T-cell exhaustion in HIV-infected individuals (5,6), as PD-1 blockade restored T-cell functions (10, 23, 58) . The elevated TRAIL levels in T cells pulsed with HIV-pulsed DCs is intriguing because TRAIL can negatively regulate proliferation via mechanisms distinct from apoptosis (59) . TRAIL can interact with DR4 and DR5 receptors, which are capable of inducing apoptosis (60) , and 3 other receptors that facilitate suppression without initiating apoptosis (61) . We recently showed increased TRAIL expression on T cells primed by HIV-pulsed DCs and its involvement in the suppression of T-cell proliferation (10). In addition, clinical studies also showed that TRAIL was elevated in HIV-infected compared with uninfected subjects, and that antiretroviral therapy that lowered viral load dramatically decreased TRAIL expression (30) . Hence, TRAIL could be another potential negative factor contributing to T-cell suppression in HIV infection. BTLA (CD272) inhibits TCR-mediated signaling via its immunoreceptor tyrosine-based inhibitory and switch motifs (18, 62) . Likewise, CD160 mediates negative signaling and is induced in a similar manner as CTLA-4 in T cells (16) . CD160 is expressed on NK, NKT and intraepithelial T cells, and in a low frequency of peripheral CD4 and CD8 + T cells. Engaging CD160 or BTLA on T cells with their ligand HVEM on Tregs inhibited effector CD4 + T-cell responses (63, 64) . CD160 has been shown to be increased in acute and chronic HIV infections on both total and HIV-specific CD8 + T cells (65, 66) , which is in-line with our in vitro observations, hence linking the role of HIV with the upregulation of CD160 in T cells. We herein hypothesize its role in contributing to T-cell suppression in vitro.
Our findings of elevated expression of transcription factors Foxp3 and Blimp-1 in T cells primed with HIV-pulsed DCs have opened up newer avenues in HIV infection. Recent findings associated increased Foxp3 expression with the onset of T-cell dysfunction in HIV/AIDS (67) . The elevated expression of both Foxp3 and Blimp-1 in T cells primed with HIVpulsed DCs suggests a potential direct role of Foxp3 in controlling Blimp-1 expression in antigen-exposed T cells, consistent with prior observations from a genome-wide investigation, which showed that Blimp-1 is directly activated by Foxp3, adding key dimension to the notion that Blimp-1 is necessary for accurate functioning of suppressor T cells (39) . Blimp-1 is an evolutionarily conserved transcriptional repressor (44) Certain inhibitory molecules are linked to T-cell exhaustion, and many of these molecules coexist on T-cells in HIV infection (43) . Certain immunoglobulin superfamily members and the TNF receptor (78) regulate clonal expansion, deletion and/or anergy induction. Earlier studies showed that TIM-3 expression is indicative of T-cell tolerance (24, 33) . Results of more recent studies of lymphocytic choriomeningitis virus infection showed the coexpression of TIM-3, LAG-3 and PD-1 (56). TIM-3 was elevated on T cells in acute and progressive chronic HIV infection (24) . Our experiments showed increased TIM-3 expression when HIV was present, which could be an indication of T-cell dysfunction. The intrinsic expression of negative costimulatory molecules regulates T-cell functions and may limit antiviral capabilities (2) . We have shown the induction of an array of these molecules (CD160, PD-1, LAG-3, CTLA-4, TRAIL, TIM-3, Foxp3 and Blimp-1) on T cells primed by HIVpulsed DCs both at the molecular and protein levels. These immunoregulatory factors have been shown to suppress ef- fective antiviral T-cell responses in the microenvironment. Furthermore, it is likely that these negative costimulatory molecules are coexpressed; for example, the PD-1 + population also expressed TIM-3, LAG-3, and CTLA-4. Indoleamine 2,3-dioxygenase (IDO) is another factor commonly linked with immune suppression (2), because we have also found increased IDO expression alongside these suppressor molecules (M Larsson, 2010, unpublished data). Therefore, the T-cell types that are described herein could broadly be considered suppressor T cells, as shown in our earlier findings (10 (37) , similar to our findings in MLRs, which supports the likely role of Blimp-1 in controlling the expression of the above negative molecules. The above cascade of events in vivo would facilitate immune hyperactivation, eventually resulting in rapid disease progression (48) . Moreover, levels of perforin and granzyme B were lowered in the HIV primed T-cell populations, which could be the side effect of lower T-cell activation in these assays, and requires further investigation. To conclude, we have shown that the negative costimulatory molecular expression possibly could account for the subsequent onset of immune impairments. This high expression, especially of the transcriptional repressor Blimp-1 in T cells and its potential association with T-cell suppression and exhaustion requires further investigation. Hence, we postulated that after priming by HIV-pulsed DCs in vitro, naïve T-cells could lead to expansion of suppressor T cells as described earlier (10) and could thus participate in the immune deficiency associated with HIV infection. Furthermore, although it is unclear as to which specific antigenic component of HIV is responsible for the generation of suppressor T-cell phenotypes, it is now clear that HIV infection in vitro could modulate DCs to generate suppressor T cells, armed by numerous inhibitory molecules with immunoimpairing abilities.
ACKNOWLEDGMENTS
We thank the Biological Products Core of the AIDS and Cancer Virus Program, SAIC Frederick, National Cancer Institute, Frederick, MD, USA, for generously providing HIV. This work has been supported by grants through: M Larsson: AI52731, the Swedish Research Council, the Swedish, Physicians against AIDS Research Foundation, the Swedish International Development Cooperation Agency; SIDA SARC, VINNMER for Vinnova, Linköping University Hospital Research Fund, CALF, and the Swedish Society of Medicine. JD Lifson was supported in part with federal funds from the National Cancer Institute, National Institutes of Health, under contracts NO1-CO-124000 and HHSN266200400088C.
DISCLOSURE
The authors declare that they have no competing interests as defined by Molecular Medicine, or other interests that might be perceived to influence the results and discussion reported in this paper.
